Compressional seismic wave reflected off the Earth's inner core boundary (ICB) from earthquakes occurring in the Banda Sea and recorded at the Hi-net stations in Japan exhibits significant variations in travel time (from −2 to 2.5 s) and amplitude (with a factor of more than 4) across the seismic array. Such variations indicate that Earth's ICB is irregular, with a combination of at least two scales of topography: a height variation of 14 km changing within a lateral distance of no more than 6 km, and a height variation of 4-8 km with a lateral length scale of 2-4 km. The characteristics of the ICB topography indicate that small-scale variations of temperature and/or core composition exist near the ICB, and/or the ICB topographic surface is being deformed by small-scale forces out of its thermocompositional equilibrium position and is metastable.
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inner core growth | geodynamo | outer core convection T he Earth's inner core grows from the solidification of the liquid outer core (1) . The solidification process releases latent heat and expels light elements, providing driving forces for the thermocompositional convection in the outer core (2, 3) and the geodynamo that is responsible for the Earth's magnetic field (4) (5) (6) . Information about the inner core boundary (ICB) is thus the key to the understanding of driving forces in outer core convection. The ICB has always been thought to be flat, simple, and smooth, due to the presumed extremely small variation in temperature in the outer core (7) . Although recent seismic observations provide indirect evidence for the existence of topography at the ICB based on the localized temporal changes of the inner core surface (8) (9) (10) , direct seismic observations about the existence of inner core topography are still nonexistent. Here, we used PKiKP (a seismic compressional wave reflected from the ICB, Fig. 1A ) recorded in precritical distances to study inner core topography.
Results
In the precritical distances, PKiKP travel times and amplitudes are sensitive to topography, geometry, and property contrast across the ICB (11) (12) (13) (14) (15) (16) . We adopted PcP waves [a compressional wave that is reflected off the core-mantle boundary (CMB)] as a reference phase and used PKiKP-PcP differential travel time and relative amplitude to study the ICB property. The use of differential PKiKP-PcP travel time and relative PKiKP/PcP amplitude ratio minimizes the effects of shallow Earth's structure and uncertainties in source origin time, location, magnitude, and radiation pattern (refs. 17-22; Fig. 1A ).
We collected all available PKiKP-PcP data from earthquakes occurring in the Banda Sea and recorded at the Hi-net stations in Japan during 2004-2010. The selected earthquakes have a depth range from 100 to 650 km, with magnitudes ranging between 5.8 and 7.6 (Table 1) . We measured PKiKP-PcP differential times on the vertical components of seismic data. The seismic data were filtered with a two-pole causal Butterworth band-pass filter of 1-3 Hz and the worldwide standard seismic network short-period instrument response. These filtering procedures were adopted after extensive testing of various filters for the best observability of the PKiKP phases. We visually checked PKiKP and PcP phases for quality; only those with high signal-to-noise ratios were retained for further analyses. To ensure the reliability of phase selection, we adopted the following procedures in travel time selection. We first handpicked the seismic phases and stacked seismic waveforms along the handpicked seismic phases; we then reselected the seismic phase in each seismic observation based on its cross-correlation with the stacked seismic waveform. The stacking and reselection procedures were repeated until excellent cross-correlation values were obtained and travel time selections no longer changed. The seismic waveforms were aligned according to the cross-correlation selections and were further checked for possible cycle skipping. The data with any possibility of cycle skipping were discarded. Following these procedures, we retained a total of 128 high-quality PKiKP-PcP waveforms pairs from three earthquakes: January 27, 2006, August 4, 2008, and August 28, 2009 (Fig. 1B) . The selected PKiKP waves sample a 7°by 10°region at the ICB between 12-19°N and 126-136°E (Fig. 1B) . The selected data exhibit high-quality PKiKP and PcP waveforms and have excellent correlations with their stacked waveforms. One example of PKiKP and PcP seismogram profiles from event January 27, 2006 is shown in Fig. 1 C and D.
PKiKP-PcP differential time residuals exhibit large variations across the seismic array, varying from −2 to 2.5 s (Fig. 2A) . The relative PKiKP/PcP amplitudes also vary considerably across the array, changing by at least a factor of 4 from 0.2 to 0.05, very different from the predictions based on Preliminary Reference Earth Model (PREM) (ref. 23 ; Fig. 2B ). Both the differential travel times and amplitude ratios show a spatially complicated pattern, varying at a small length scale (less than 1°, Fig. 2 A and B) .
The use of differential travel times and relative amplitudes of the PKiKP and PcP phases minimizes many uncertainties as we mentioned above; however, the differential signals could still be attributed to the seismic structures either at the CMB or at the ICB, or both. Several lines of evidence indicate that the observed PKiKP-PcP differential signals are mainly caused by the ICB structures, rather than the seismic structures in the mantle. (i) The PKiKP-PcP differential travel time residuals positively correlate with the PKiKP travel time residuals (Fig. 3 A, C , and E), whereas no correlation is observed with the PcP travel time residuals (Fig. 3 B, D, and F). In addition, the variations of PcP travel time residuals are on an order of about 1.5 s (Fig. 3 B, D , and F), much less than the magnitude of the observed PKiKP-PcP differential travel time residuals. These observations suggest that the PKiKP-PcP differential travel time residuals are most likely contributed by the PKiKP phases, rather than the PcP phases.
(ii) We calculated the effects of mantle heterogeneities on the PKiKP-PcP differential times based on various global compres- (iv) We studied the effects of the seismic heterogeneities in the CMB region near the PKiKP exit points on the PKiKP travel time residuals by analyzing the travel time residuals of the PcP phases sampling the same region. We were able to find several events whose PcP reflected points partially overlay with the PKiKP exit points (Fig. 4B ). Note that a variation of −0.4 to 0.4 s is observed in the PcP travel time residuals (with respect to PREM) across the array (Fig. 4B) , similar to what is observed for the PcP phases recorded for the Banda Sea events. As the PcP phases sample the CMB region twice, the observed magnitude of the PcP travel time variations sampling the same region indicate that the contributions from the receiver-side CMB region is also at least an order of magnitude smaller than the observed PKiKP-PcP differential travel time residuals. (v) We studied the effects of small-scale seismic heterogeneities in the CMB region near the PKiKP entrance points by analyzing the PKP (a compressional wave traveling inside the Earth's inner core) precursory energy from a seismic event in the region recorded in the United States (Table 1) . Green squares represent PKiKP exit points at the CMB from the Banda Sea events. (C) PKP precursory amplitudes with respect (w.r.s.) to the main PKP phases (the ratio between the two amplitudes) obtained from migration of the observations recorded in 12 high-quality stations in the United States (Table S1 ) from an event in the region (star labeled June 27, 2011 and Table 1 ). The light-blue crosses represent the PKiKP entrance points at the CMB of the three events in the Banda Sea to the Hi-Net stations.
( Fig. 4C) . The PKP data are band-passed filtered with the same frequencies used for analyzing the PKiKP data recorded in the Hi-net stations to probe possible existence of small-scale seismic structures in the same wavelengths. The energy proceeding the PKP phases was mapped onto the CMB regions based on a migration method (24) . The amplitude preceding the PKP phases exhibited less than 5% of the amplitude of the main phases, similar to that of the background noise. The lack of proceeding energy before the PKP phases indicates that the CMB region exhibits little small-scale variations of seismic structure (Fig. 4C ) and the PKiKP-PcP differential travel times observed in the Hi-net stations were not caused by the seismic structures in the PKiKP entrance points of the CMB region. With all these possible mantle effects examined, we concluded that the observed PKiKP-PcP differential travel time residuals and amplitude ratios from the Banda Sea events to the Hi-net stations were mostly caused by the seismic structures at the ICB. The observed PKiKP travel time variations indicate that the ICB possesses topography in the PKiKP reflected region. The observed PKiKP amplitude variations and rapid changes of PKiKP travel time and amplitude across the seismic array further indicate that the ICB topography is irregular and varies at a small length scale. We tested a series of ICB models to place quantitative bounds on the characteristics of the ICB topography, using a hybrid method (Materials and Methods) (25) . We tested ICB topographic models with various geometries (Gaussian-shaped, dome-shaped, step), heights, horizontal scales, and spatially repeated patterns. A change of topographic height of 14 km is required to explain the observed 2.5-s variation of PKiKP travel time (Fig. 5) . A change of topographic height in a horizontal distance of no more than 6 km is required to explain the rapid spatial variation of PKiKP travel time in the observations. The magnitude of the PKiKP amplitude change and its frequency content require a superposition of small-scale topography with a height variation of 4-8 km and a horizontal spacing of about 2-4 km to reduce the PKiKP amplitude by a factor of 4 (Fig. 5) .
Discussion
PKiKP phase has been enigmatic in its observability in the precritical distances (16) (17) (18) (19) (20) (21) (22) (26) (27) (28) (29) . Although its observability was predicted based on the elastic parameters of Earth's models, it was only occasionally observed when the seismic station coverage was sparse, which can be explained by the characteristics of the ICB topography inferred here. A mosaic structure of the inner core's surface was also invoked to explain the strong PKiKP amplitude variations observed in the precritical distance ranges (16) . Our results indicate that the existence of small-scale topography at the ICB, as required by the observed PKiKP travel time variations in the precritical distances, could also provide an explanation to the observed strong variability of the PKiKP amplitudes in the precritical distances without invoking a mosaic ICB structure. The magnitude of the ICB topography was inferred to be at least in an order of from 0.98-3 km based on the magnitude of the observed temporal change (8, 9) , and the horizontal length-scale of the ICB topography was estimated to be about 10 km based on the Fresnel zone associated with the seismic frequencies of the ICB reflections (9). Our results not only provide direct seismic evidence confirming those inferences, but also reveal a more complete picture about the irregularities of the ICB. However, this study region occupies only a small patch of the ICB surface; a global survey of the characteristics of the inner core surface is needed.
The existence of irregular topography at the ICB indicates two possible scenarios of dynamic and thermochemical conditions near the ICB. (i) The ICB represents a phase boundary in equilibrium with local temperature and core compositions. In this scenario, the existence of ICB topography would require existence of small-scale variations of temperature and/or core composition near the ICB. (ii) Small-scale dynamic forces deform the phase boundary that is in equilibrium with temperature and core compositions out of the equilibrium position and form the irregular topography, and the timescales of dynamic deformation are smaller than what is required for the deformed boundary to adjust to thermochemical equilibrium with local temperature and core compositions (i.e., melting or solidifying). In this scenario, the ICB topographic surface is metastable.
Materials and Methods
We use the hybrid method developed by Wen and Helmberger (25) to calculate synthetic seismograms. The hybrid method is a combination of analytic methods (the generalized ray theory and the Kirchhoff method) and a finitedifference (FD) method, with the FD calculations applied to the heterogeneous media in the deep mantle. In this case, the FD region encompasses portions of the bottom of the outer core and the top of the inner core. The Kirchhoff theory is applied to the upper FD region to bring the wavefields back to the surface.
Seismic data are obtained from the Hi-net stations (http://www.hinet .bosai.go.jp/). Seismic data are deconvolved with their respective instrumental responses.
